The paper describes the basic features of a new program EOD (Electron Optical Design), primarily intended for the design of systems of electron lenses and deflectors for scanning and transmission electron microscopes. A very accurate first-order finiteelement method in graded topologically regular meshes provides the fields. Electron optical properties can be analyzed from standard paraxial trajectories and aberration integrals for combined lens and deflection systems or, for a general system, from the results of very accurate ray-tracing. The advantage of EOD is that it includes a user-friendly interface, simplifying the output of results and the whole design procedure. EOD is used by undergraduate and postgraduate students at ISI and TU Brno.
Introduction
An important feature in the use of any software is the way it interacts with the user through the user interface. This is vital in particular for students who are novices in the given branch of science as well as for professional users who may not want to edit data and fill long files with repeated sequences of numbers. The user interface was also an improvement of our previous software packages, written in 1990 for DOS [1, 2] . The aspects that the older interfaces did not fulfill any more were: ease of use (there were four different packages for each type of problem, separate for magnetic and electrostatic lenses and magnetic and electrostatic deflectors, which included also the evaluation of relevant paraxial optical properties and aberrations, and one additional package for ray tracing in numerically computed fields; there were thus 19 programs interlinked through DOS batch files), the DOS user interfaces written in Borland Pascal® were running without problems under Windows XP®, and although they were improved many times, they did not utilize its advantages, such as use of the mouse, across packages data such as input files, axial field files and potential files were exchanged in text format.
Computer literacy and the way the PCs are used has improved in the last years, a knowledge of CAD programs as well as graphical and word processing programs is now commonplace. Many additional programs used by students in their courses are equipped with suitable interfaces, use mouse, Help file, and standard I/O for graphics.
The reason for writing EOD was to generate a single program that would allow, within the same program:
input and editing of data files for the first-order finite-element method (FOFEM) with a CAD-like interface export/import of a design into plot or CAD (DXF) files tracing, either using the paraxial ray equation for the evaluation of paraxial optical properties and aberrations of given fields or true ray tracing, i.e. solution of the equation of motion of charged particles with high accuracy, output of computation results on screen (saturation of magnetic lenses, equipotentials, axial fields, together with geometry of lenses and FEM meshes or tracing results in plot files), to a printer, or as EMF or BMP files, the graphical display of results of tracing, their simple processing and documentation.
The concept of the program EOD (Electron Optical Design) is thus an environment in which all the abovementioned tasks will be performed easily. The program runs in Windows XP and was written in Compaq Visual Fortran 6.6. EOD opens as a "standard" Windows program that can be minimized, resized, or used in a full screen, which has at the top a menu bar and a toolbar with icons and at the bottom a status bar. A number of windows are displayed in the work area of EOD; each of them can be resized and moved by the mouse. It uses features standard in Windows graphics interfaces, the use of pull-down menus from the menu bar, the use of a mouse for zooming in a graphical window or selection of points, texts or icons, multiple dialog windows with standard controls (text edit, combo and check boxes, spin controls and sliders). Help is available on-line, but it is also produced as a PDF file for easy printing. The FEM mesh is edited in a standard way used in CAD programs by selecting points and icons, adding lines, moving points with a mouse or providing their new coordinates, filling materials, all of which makes data input straightforward. Backup of input files used in the project is generated automatically in selected time intervals.
EOD uses a clearly defined project structure to analyze complex systems with many elements, lenses, deflectors and multipoles. In EOD we have integrated all our previous 2D FOFEM packages [1] [2] [3] for the computation of electron lenses and deflectors with a new input and display interface, tracing, output and plotting. A number of improvements were further introduced like the option for error estimation [4, 5] or the use of large meshes with many coarse and fine mesh lines. The module for ray tracing was programmed anew. Optical properties of combined systems of electrostatic and magnetic lenses and deflectors are evaluated from the standard paraxial trajectory equation and aberration theory, providing geometrical aberration of the 3 rd order and chromatic aberrations of the 1 st order. The optical properties can also be derived from the accurately computed trajectories traced through any combination of the fields, which can be arbitrarily moved or rotated with respect to one another. Optimization procedures allow the evaluation of excitations and positions of individual elements to achieve required imaging conditions. Additional modules can be added to the program, allowing for example the computation of electron and ion sources with high current-density or the computation of spot profiles. This paper concentrates on the implementation of the program. It is then illustrated by considering several examples of electron optical problems.
The interface

Windows used in the EOD project
A number of windows are used inside the EOD work area, each of which can be placed anywhere within this area and resized or displayed over the full screen. The four basic windows are the project window, two text windows with calculation output and user notes, and a graphical window to edit the FOFEM data. The number of input files in the project or the number of output and plot windows is not limited.
The menu bar and the toolbar change their contents depending on which window in the work area is active. They are the same for the project and for tracing, as shown in the screen-shot in Fig. 1 . The status bar at the bottom shows the status of data, coordinates in graphical windows, activities performed, and the memory used. 
Project window
The project window gives an overview of all FEM input and tracing files defined and used within the project as well as output windows and plot files. It also allows selection, addition or removal of files used in the project. On the toolbar of the project it is possible to change the speed of computations and stop running computations (empty the computation queue).
Text windows
The computation output window contains the screen output of computations by FOFEM or by tracing modules, and this output is logged into project log files or stored in user-defined text files. The notes allow the user to add comments related to the given project.
Edit window
The FOFEM mesh is made of horizontal and vertical coarse mesh lines [1] [2] [3] [6] [7] [8] . The vertical mesh lines start on the outer radial boundary and cut the axis at right angles, never crossing or touching any other vertical line, and have the same number of fine mesh points in the radial direction on each vertical fine mesh line. Horizontal mesh lines start on the left-hand boundary and end on the right-hand boundary. In this way the whole area within the boundary is divided into quadrilateral areas. Such a mesh is topologically regular. The consequence of this selection is a simple matrix structure and fast solution of the resulting set of linear equations of the FEM. The mesh is generated in two steps: first the coarse mesh lines are used to define the geometry of the problem and divide the region within the border into non-degenerate quadrilaterals occupied by magnetic materials, electrodes or coils. The fine mesh is then generated by further subdivision of the coarse mesh by adding more lines between the coarse mesh lines. In the past, constant steps between the fine mesh lines were used, specified manually by the user. Our major improvement is the use of graded mesh with variable mesh step, generated in EOD by an automeshing procedure.
Data editing proceeds in two basic modes. In the point-edit mode, the point is selected by a mouse-click over it, and Ctrl+click or Ctrl+drag are used to select more points. Selected points can then either be moved with the mouse or their coordinates can be edited. Between two selected neighboring points on the same line it is possible to add a coarse mesh line, and similarly between two points on the same line one or several lines can be deleted. A selected part of the mesh can be scaled or the points can be arranged on a circle. It is possible to undo recent changes, as in every CAD or graphical program. The graphical user interface can use plot files or DXF files in the background to which the coarse mesh can snap, and the output is possible in this format to speed up the communication between an optical designer and a mechanical designer. In the fill mode it is possible to define, change or add excitations, select materials (coils, electrodes, magnetic parts), and change their relative magnetic or electric properties. The area to be displayed in the edit window is selected by dragging with the left mouse button to zoom on the region of interest; the same procedure is used in output or plot windows.
The select-gap operation defines a region in which the automeshing algorithm starts with the definition of the fine mesh, preferably from a square mesh. Several gaps, which are the regions where the subdivision into fine mesh is specified by the user, can be used in one coarse mesh. EOD then generates from the gap a graded fine mesh which is allowed to expand with given expansion factor, typically by 2.5 %.
Tracing
The data required for tracing charged particles through the computed fields are filled in a number of dialog boxes. One of the two basic computation modes, the "paraxial" or "real" tracing, is specified in the system dialog, where we also specify the tracing region, computation accuracy, output step, and units used in the dialogs or outputs. The fields dialog allows us to select which fields will be used for tracing; the fields can also be shifted, rotated or scaled. Traced particles are specified, one by one or in a bunch in up to six loops, where their initial position, slope, energy or mass are specified. Output dialog box selection specifies the outputs along the trajectory or at specified planes. Optimization allows the user to define a merit function with requirements on particle properties at selected planes, such as position of intersection or minimum aberrations. The independent variables are usually field magnitudes or particle energy.
Output windows
The output window is primarily intended to display the results such as the saturation of magnetic materials, the equipotentials of a computed potential or its error estimate, the axial field or its derivative, fields in a regular mesh, or their combinations, as well as the geometry of the mesh or materials. Any lens or multipole and combinations of these used in the project can be shown. The results of tracing stored in plot files can be added to these outputs. The output can be also shown in a 3D display, as demonstrated in Fig. 2 , which gives an overview of the geometry of a 200 keV hexapole corrector, 200 mm long (for more discussion of this problem see below). Changes in output and plot windows after computations are automatically updated.
Plots
EOD plot files are used to display tracing output, axial fields and contours of the design as 2D graphs. These results are stored in a number of "series", to which plot title, legend, and description of axes are added. The color, line type, line thickness, scale and shift are changed interactively. In plot data, it is possible to calculate user defined expressions and functions or derivatives from interpolation based on cubic and quintic splines. An important extension is the option to fit the data to linear, quadratic and cubic polynomials by the least square method, which can be used, for example, to evaluate the aberration coefficients. 
EOD computations
Computations with FEM
The FOFEM computations can be performed in large meshes in a very short time. For example, 700,000 equations are solved in about a minute on 3 GHz PC. The computation time is approximately proportional to the total number of points in the fine mesh multiplied by the number of mesh points in the radial direction. This is due to the use of a topologically simple mesh, which yields a matrix with a simple structure, and due to the use of the preconditioned conjugate gradient method [7] . A number of original algorithms were implemented to calculate the matrix coefficients correctly. The electrostatic potential needs just a minor correction on axis [7] whereas the magnetic lenses are computed by using magnetic flux instead of vector potential, which avoids all the pitfalls of FOFEM reported before, see [3] . Deflectors and multipoles are evaluated by means of the original algorithm published in [9] . For example, correct axial field functions of dipole and higher multipole field components for a toroidal deflector in a magnetic lens can be obtained, as shown by the results presented in Fig. 3 , although it has been said that this is impossible (see Fig. 42 in [6] ). If the deflector half-angle is not 60 degrees, these higher order components are present; their computation in a mesh of 12348 points with 50 points in the 20 mm long deflector region takes less than one second and the field accuracy is better than 0.05 % even for the higher multipole components. Either Dirichlet or Neumann boundary conditions can be used for rotationally symmetric lenses. For electrostatic lenses the boundary conditions are derived from the electrode potentials (thin electrodes can be used). For magnetic lenses the boundary can be put far away from the lens, so that open lenses can be analyzed without significantly increasing the amount of points [10] because the fine mesh with graded mesh step is used. The automeshing algorithm allows a wide choice of fine mesh density and the use of many gaps, so that systems with several electron lenses can be computed, each lens having enough points in the gap.
Two fine meshes are used for estimation of computation error in rotationally symmetric lenses [4, 5] . It is naturally recommended to use a large enough mesh from the beginning. The program calculates first the result in the original mesh and then it doubles the number of points in each direction by placing an extra fine mesh line between each two fine mesh lines of the old mesh. Finally it compares the results at the common points of both meshes. In this way we obtain simple information telling us where on axis and, if required, off-axis the potential or field error is greatest. The error analysis takes on average 8 times longer than the computation in the less dense mesh, and it is not necessary to perform it for every lens analyzed.
Consequently it is easy to show that fields on axis are computed with required accuracy. For example, Fig. 1 shows in the lower left-hand corner the plot of axial flux density and the estimated error, which is less than 0.01% of the flux density maximum. The original mesh for this computation consisted of 84812 points and 40 points in the 2 mm gap. The lens has a complicated geometry and it is excited from 12 to 16 kA to focus 200 keV electrons; it is therefore highly saturated (see also [1, 7, 11] ). The computation of the linear approximation and two times six Newton-Raphson iterations takes below 30 s, and the error estimate, which uses a mesh of 338055 points, takes about 4 minutes. We recommend using a generous number of mesh points, typically 30-80 thousand for a magnetic lens, as one computation takes less than one second in this case.
The minimum number of points to be used for accurate computations of conventional electrostatic lenses is 80000. To illustrate this in more detail, we analyze the electrostatic objective lens of an electrostatic LEEM [12] . Fig. 4 shows the geometry and axial potential for 1 V on the sample and 10000 V on the exit from the lens. The starting fine mesh consists of 159*505=80295 points, and it has 40 points per mm and a square mesh in the bore of each electrode; standard expansion factor 2.5 % is used elsewhere. Fig. 5 shows the error estimates of axial potential, which is the difference of the potential computed in given mesh and in a mesh having twice the number of points in each direction; the error estimate is analyzed in more detail in [4] . In the following paragraph we shall see that the effect of such an error on the evaluation of optical properties is small. 
Tracing
Paraxial trajectories and aberrations are computed for straight-axis systems of lenses and deflectors. In the near future more options will be added to this module. The standard variable step 4-5 th order Runge-Kutta method is used to integrate the paraxial trajectories; axial potential or field functions are interpolated with cubic or quintic spline.
The trajectories computed by ray tracing are obtained by solving the equation of motion of charged particles. The fields for tracing are computed by FOFEM modules; fields can also be imported from other programs using dynamically linked libraries or analytical field shapes can be defined. Ray tracing requires knowledge of the fields at each point of the trajectory and, if these values are known with high accuracy, the ray tracing results are also very accurate. We prefer to use the Runge-Kutta-Fehlberg 7-8 th order method. For 2D interpolation we use either the ZRP interpolation [13] or bicubic interpolation methods on a general quadrilateral mesh; bicubic and biquintic splines can be used in computations close to the axis on a rectangular mesh. Particle trajectories are computed with sufficient accuracy, and it is possible to obtain aberration coefficients from the points of intersection of a suitable set of rays with a plane close to the image plane. Spot diagrams can easily be produced. Even for difficult systems like the aberrations of mirrors, correct value of 5 th order geometrical and chromatic aberration coefficients are obtained by fitting a polynomial to the results, which can be performed inside EOD in the plot module. [6] ). Moreover, with the graded mesh it is then simple to handle large changes of geometrical scale even with a single mesh (typically the distance to the extractor is 750 m) with under a million points. The next example, a LEEM objective lens [12] , illustrates the obvious advantages of ray tracing. 
Examples
For example, by starting a suitable set of monochromatic rays on axis or parallel with the axis and by fitting with the least square method implemented in the plotting procedure of EOD to the results of ray tracing, we get the required paraxial properties as well as aberration coefficients. From a set of rays starting parallel to the axis in the object we obtain the image focal distance f i from a fit to x i /x o and the linear magnification M from a fit to x i /x o . From the fit to x i /x o we get the angular magnification M a , and from x i /x o we get the defocus z 5 nm and the third order spherical aberration coefficient of 1.0 m, as shown in Fig. 8 . Both the standard procedure and the processing of ray tracing results yield the same paraxial optical properties. The dependence of x i /x o on x o 2 shows that for |x o | < 0.1 mm higher order distortion has no effect on the image made by the objective lens. The graph in Fig. 8 is plotted with x o 2 as the independent variable, and it clearly demonstrates the range of initial slopes for which the 3 rd order aberration theory holds (x o 2 0.02 corresponds to the angle of 8 deg) as well as furnishing an estimate of the 5 th order spherical aberration coefficient, whose effect is visible for angles larger than 17 degrees. The use of results of accurate ray tracing makes it easy to understand the effect of aberrations, although the standard electron optical theory provides the answers much faster. By ray tracing it is also easy to visualize how the hexapole corrector works (for a 3D view of the corrector see Fig. 2 ). The recent introduction of the hexapole corrector to the imaging system of a transmission electron microscope was a major achievement in obtaining resolution below 0.1 nm; its first design is given in [15] and the recent improvements were discussed at CPO7 conference [16] . The corrector consists of two lenses operated in telescopic mode that have equal and opposite excitation and they image the center of the first hexapole on the second hexapole, which has the same excitation and orientation (see Fig. 9 for the x and y components of the trajectories in the lenses computed by ray tracing). To compensate for the spherical aberration of the objective lens shown in Fig. 1 with C s3 =0.54 mm and f=1.65 mm, we would have to increase the beam radius of 100 m on the entry of the corrector to 102 m on the exit from the corrector. The hexapole is used as a strong electron optical element, which is demonstrated by comparing the distance from the axis of the three rays that started in the direction of the strongest action of the hexapole and at 30 and 60 degrees from it with the distance of the ray for which the hexapole switched off. The three rays go far from the axis but they meet at almost the same point on the exit of the corrector (see Fig. 10 ). This last example clearly demonstrates the accuracy and importance of ray tracing in EOD, which allows difficult problems to be analyzed and provides easily understood answers.
Conclusions
The new program EOD is a stable and very accurate program, which allows us to compute electrostatic and magnetic lenses, deflectors and multipoles with 2D FOFEM and evaluate their optical properties to a high accuracy. It successfully replaces the set of programs previously used [1] [2] [3] and it is extensively employed by students at ISI and TU Brno. The program is very user friendly; it is easy to learn how to operate it because it reacts like most of the familiar graphical and CAD programs, using a mouse, icons and on-line help. The tutorial and the many examples provided help users to avoid most of the pitfalls encountered by newcomers to FEM in its early days. With graphical outputs it is also easy to understand the results of computations and export or print the results in postscript, PDF, EMF or BMP format. The modular structure of EOD makes it easy to incorporate new features that will extend the range of calculations and options. In particular, we plan to add those that furnish the optical properties of less common devices. Fig. 9 . The x and y components of imaging and field trajectories in the round lenses of the hexapole corrector. Fig. 10 . The distance from the axis for three representative trajectories going through the hexapole corrector at 0, 30 and 60 degrees compared to the distance of the field trajectory. They meet at a distance 2 m from the 100 m radius of the field ray.
